Abstract Lead (Pb) is an environmental oncogenic metal that induces immunotoxicity and anaemia. Emerging evidence has linked Pb toxicity with endoplasmic reticulum-driven apoptosis and autophagy. Glucose-regulated protein of 78 kDa (Grp78 or binding immunoglobulin protein (BiP)), a master endoplasmic reticulum chaperone, drives macrophage activation and regulates protein folding and calcium flux in response to heavy metals.
Introduction
Lead (Pb) is a widespread environmental heavy metal that can cause damage to many organs and tissues such as the brain, heart, liver and kidney. It mimics essential minerals such as calcium and zinc, inducing chronic cardiovascular, renal, immunological and neurological diseases as well as cancer in humans and animals [1] [2] [3] . Pregnant women, children and city habitants are particularly at risk of Pb intoxication [4, 5] .
People are exposed to Pb through air, water and food/ingestion, despite restrictions of additives in both gasoline and paintings, which have serious consequences for human health in industrialized regions. Toxic effects are usually due to long-term exposure. The atmospheric concentration of lead varies greatly, with highest levels found near stationary sources such as lead smelters. The EPA national environmental air quality standard for lead is 1.5 μg/m 3 [6] . Unfortunately, Pb does not degrade and is highly absorbed in the soil, as previous lead use remains.
The major routes of occupational lead exposure are inhalation and ingestion of lead-bearing dusts and fumes [6] . According to Italy's National Statistical Institute, in 2001, a total of 2082 Italian workers were employed in the production of zinc, lead, tin and their semi-finished products (website: http://www.istat.it). Levels of lead in environmental air range between about 7.6 × 10-5 μg/m 3 in remote areas such as Antarctica and >10 μg/m 3 near point sources. Pb absorbed due to air or water/soil contamination enters the blood stream, where it deposits into erythrocytes (RBCs) and induces anaemia [7, 8] . From an occupational point of view, blood lead level (BLL) is considered the principal index of Pb exposure [9] .
Acute toxicity is related to occupational exposure and is quite uncommon. Chronic toxicity, on the other hand, is much more common. In adults and children, symptoms can occur at levels above 40 μg/dL but are more likely to occur only above 50-60 μg/dL [10, 11] .
Pb toxicity occurs at BBL above 40 μg/dL, even if Pbinduced damage is often underestimated in children and adolescents, and there is no real threshold for safety as even BBL below 10 μg/dL can be toxic [12] . Interestingly, Pb induces phosphatidylserine externalization in erythrocytes which attracts macrophages [13] and intensifies pro-coagulant and thrombotic events [14] . Cellular mechanisms involved in Pb poisoning include indirect oxidative stress due to its link with glutathione and anti-oxidant enzymes, calcium dysregulation and altered endoplasmic reticulum (ER) homeostasis [8, 15] .
Grp78, the glucose-regulated protein 78 kDa, also known as binding immunoglobulin protein (BiP) or master resident ER chaperone [16] , is an important regulator of ER function. Several in vitro studies have reported Grp78 induction by Pb in astrocytes and glioma [17] , hepatoma HepG2 [18] , renal NRK52 cells [19] and endothelial cells [20] . Intriguingly, Grp78 has also been described in other intracellular sites aside from ER, such as mitochondria and plasma membrane [21, 22] .
The Pb impact on the spleen has rarely been assessed, probably due to the fact that the spleen can be removed without much problem if it is affected. In any case, we believe that it is important to analyse Pb effects on this organ, due its crucial role in erythrocatheresis and immune response modulation [23, 24] . Recently, Kasten-Jolly and Lawrence [24] indicated that Pb affected innate immunity and induced helper type 2 T cells and macrophages in the spleen. Nevertheless, Grp78's role and relevance in the spleen after sub-chronic Pb intoxication has not yet been reported.
So, the principal aim of this paper is to investigate whether sub-chronic medium doses of Pb assumed in drinking water for 45 days can determine early oxidative effects and ER stress on the spleen. We therefore performed the study on young mice orally administered with 200 ppm Pb. Blood and serum parameters, Pb levels in the spleen and other organs such as the kidney, brain, bone, liver, blood and faeces, as well as splenic iron accumulation, Grp78, apoptotic and autophagy markers, were all analysed.
Materials and Methods
Drugs and Chemicals Pb-acetate trihydrate, buffers, poly-Llysine and iron stains were of the highest purity grade, produced by Sigma-Aldrich Chemical Co. (Milan, Italy). DPEX synthetic mounting medium was suppled from BDH. Polyclonal anti-rabbit anti-Grp78 antibody (sc1050) was from Santa Cruz Biotechnology (CA); anti-p62/SQSTM1 (ab64134) and anti-caspase-3 (ab4051) was from Abcam (UK) and ABC-peroxidase Elite kit was from Santa Cruz Biotechnology.
Animals The experiments were conducted in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC), and approved by the Committee Responsible for Animal Care and Use (Organismo Preposto per il Benessere Animale (OPBA)) of the Brescia University and by the Italian Ministry of Health (decree no. 176/2013-B, 2013) and complied with the National Animal Protection Guidelines. Sixteen male C57BJ mice (1-month old) (Harlan Laboratories, Italy) were used, eight animals for each group. The mice were housed separately in clean polypropylene cages and divided into two experimental groups: (1) one was exposed to Pb (as Pb-acetate trihydrate, mol. wt. 379.33) through its drinking water for 45 days (Pb group). The Pb doses were 200 ppm and were chosen to simulate middle-dose lead exposure over a short period of time. Following Teijon et al. [25] , a small amount (1 mL/L) of acetic acid was added to the water to avoid salt precipitation. (2) Mice drinking fresh tap water, added with acetic acid (1 mL/L), were used as a control.
The water was filtered and did not contain any detectable amounts of Pb or other heavy metals. The animals were placed in a quiet, temperature and humidity-controlled room and were kept on a 12-/12-h light/dark cycle (lights on from 7 a.m. to 7 p.m.). All mice were fed a standard rodent diet ad libitum (19.4% rough protein content; metabolizable energy 2668 kcal/kg, Mucedola srl, Milan, Italy).
Experimental Protocol Body weight (bw), food (g) and water (mL) consumption for each animal were monitored every 2 days, and the concentrations of drinking solutions were adjusted accordingly. Water consumption was measured by weighing the bottle, with bw measured using an electronic balance to an accuracy of 0.1 g. These data allowed us to detect Pb intake in terms of mg Pb/kg bw/day.
At the end of treatments, the animals were killed by cervical dislocation. Blood smears were obtained for each mice and stained by May-Grünwald and Giemsa methods to visualize the red and white elements. Blood samples from the right heart in the Pb-treated and control groups were used to analyse the haematocrit and haemoglobin content and serum proteins. The spleen from each animal was quickly removed, weighed, split and fixed with immune fix for 12 h at 4°C. The samples were then washed in phosphate-buffered saline (PBS) buffer (0.2 M, pH 7.4) for 12 h and processed according to standard procedures for paraffin embedding. Thick sections (about 5 μm) by a Leica microtome, collected on poly-L-lysinated slides, were used for histochemical (HC) and immunohistochemical (IHC) procedures.
Histopathology Paraffin sections of spleen were stained by haematoxylin and eosin (H&E); Perls'Prussian blue or Turnbull's blue staining were used to check general feature, the presence of fibrosis and free iron accumulation such as ferric [Fe(III)] or ferrous [Fe(II)] ions, respectively [26] .
Immunohistochemistry Paraffin sections were stained according to ABC-peroxidase method as previously described [27] . Paraffin sections were incubated overnight at 4°C with primary polyclonal Grp78 (sc1050) (1:100) from Santa Cruz Biotechnology (CA), p62/SQSTM1 (ab64134) (1:50) from Abcam (UK) and active/cleaved caspase-3 (NB100-56113 from Novus Bio) antibodies. In order to exclude any incorrect interpretation of immunostaining due to endogenous biotin, we also used the peroxidase-anti-peroxidase detection system.
We obtained similar results with both methods. The IHC control (negative control) was performed by omitting the primary antibody in presence of isotype-matched IgGs. The sections were processed in accordance with the manufacturers' protocol, visualized with a rabbit ABC-peroxidase staining system kit and mounted with DPEX. The reaction product was visualized using 0.3% hydrogen peroxide and diaminobenzidine at room temperature. Each set of experiment was carried out in triplicate, with each replicate carried out strictly under the same experimental conditions. Splenic parenchyma was described in three zones: white pulp (WP) comprising follicles; marginal zone (MZ), at the boundary between white and red area and red pulp (RP). Different researchers, blinded to the samples, independently analysed all slides. Staining intensified in HC and IHC methods was semi-quantitatively evaluated using an optical Olympus BX50 light microscope. According to Hall et al. [28] , the evaluating scale adopted for HC was − undetectable; +/− barely detectable; + weak (10-30% positive cells); 2+ evident (30-50% positive cells); 3+ moderate (50-70% positive cells) and 4+ intense/strong staining (>70% positive cells). The staining intensity in IHC slides was evaluated using light microscope equipped with an image analysis program (Image-Pro Plus 4.5.1). The integrated optical density (IOD) was calculated for arbitrary areas, by measuring at least five fields for each sample.
Pb Measurement Pb concentration in the blood, spleen, faeces, brain, bone, liver and kidney was performed by the Laboratory of Food Chemistry of the National Reference Centre for Animal Welfare (IZSLER-Bs), a national institution for animal health, according to the certified analytical IZSLER procedure for the determination of heavy metals. Briefly, the samples were weighed and subjected to mineralization by wet way with nitric acid and concentrated hydrogen peroxide in the open digester. The mineralized samples were brought to the appropriate volume with the aqueous solution of nitric acid and were analysed using inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7700, Agilent Technologies, Santa Barbara, CA, USA) with computerized control (software Agilent MassHunter Workstation). As reference, solutions for the calibration curves used commercial standard Pb solutions (1000 mg/L).
Blood Analysis
The analysis was performed by Division of Laboratory Animals of IZSLER-Bs. Blood samples from each animal were split and collected into tubes containing K3-EDTA anti-coagulant (BD Vacutainer 1.5 mL) for haemochromocytometric analysis and in a 1.5-mL vial (Eppendorf srl, Milan, Italy) without anti-coagulant for serum analysis. Haemochromocytometric values were measured by CELL-DYN 3700 laser-impedance cell counter (Abbott Diagnostics Division, Abbott Laboratories, IL, USA). From the blood serum, urea, albumin, creatinine and haptoglobin concentrations were measured using a biochemical automatic analyser ILab Aries (Instrumentation Laboratory, Lexington, MA, USA) and its ready-to-use kits.
Haematologic indices were determined according to standard methods. Tests included counts of red blood cells (RBCs), white blood cells (WBCs) and PLT; differential counts of neutrophils, lymphocytes, monocytes and eosinophils and the concentrations of haemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), MPV, packed cell volume (PCV/haematocrit) and red cell distribution width (RDW).
Statistics Organ weight was normalized as a ratio of final body weight. Statistical analysis was performed by a Student's t test for paired samples (t). A value of p < 0.05 was considered statistically significant.
Results
Food and Water Intake and Body Weight/Organ Weight Ratio The daily food and water intake did not vary between groups. The daily amount of Pb ingested by each animal was about 1 mg/day of Pb (39 mg/kg/day). The weekly lead intake/mouse was calculated by the formula water consumption (mL) × Pb concentration (ppm) was rather constant; on average, each animal ingested 7.3 ± 0.4 mg Pb/week. On the whole, after 45 days, each animal ingested about 45 mg of Pb. The bw did not vary between groups. Pb-treated animals significantly increased the ratio between spleen weight and bw compared to control ones (0.31% ± 0.03 vs 0.28% ± 0.01, respectively, t = 2.32, p = 0.04), whereas other organs like liver and kidney did not show any change.
Pb Level Distribution Blood and biological samples from Pb-treated animals showed significant Pb levels compared to controls. The higher amount of Pb were eliminated by faeces (98.6%), and the remaining was distributed in the blood (1%), bone (0.14%), spleen (0.12%), kidney (0.1%), liver (0.05%) and brain (0.02%) ( Table 1) .
Pb Exposure and Effect on the Blood Microscopic analyses of the blood smears from Pb-treated animals showed abnormal echinocytes, with speckles in their membrane (Fig. 1a) , and poikilocytes, in a tennis racket-like shape (Fig. 1b) . Control animals did not show any erythrocyte alteration (normocytes). Even if in Pb-treated animals, there were no differences in haemoglobin and in RBC count compared to controls; in the haematocrit, lymphocyte values (L) increased. Moreover, neutrophils (N), the neutrophil/lymphocyte ratio (N/L), together with monocytes and eosinophils, drastically decreased. In the serum, haptoglobin, an inflammation marker, significantly increased about six times. Blood values are summarized in Table 2 .
Pb Exposure Changes Spleen Architecture and Iron Deposits Pb administration altered the WP architecture of the spleen which appeared larger than in the control animals. Furthermore, the germinative center of the inner peri-arteriolar lymphoid sheath (or PALS) was not easily identifiable. The MZ did not show any significant differences vs control mice.
Pb-treated animals showed a high amount of ferric (Fe 3+ ) and ferrous (Fe 2+ ) ions accumulated in the macrophages in different splenic compartments (Fig. 2) . Inside the RP of control spleen, peri-MZ macrophages showed the intense blue staining of ferritin (Fe 3+ ) deposits and sometimes, also, WP resident macrophages were stained. However, Pb exposure increased ferritin deposits in all RP macrophages and outer and inner PALS (Fig. 2a, b) . Similarly, the ferrous (Fe 2+ ) staining was mainly located inside the peri-MZ macrophages of untreated spleen. Pb exposure increased Fe 2+ staining of all RP macrophages, and sometimes, also, macrophages of inner PALS were also intensely stained. Occasionally, follicular and MZ macrophages were stained (Fig. 2c, d ). In addition, the Pb exposure strongly increased hemosiderin deposits inside the macrophages of the RP and less of PALS (Fig. 2e, f) . Semiquantitative analysis of iron deposition in different experimental groups is resumed in Table 3 .
Pb Exposure Stimulates Endoplasmic Reticulum Stress, Anti-oxidant and Pro-Apoptotic Systems and Inhibits Autophagy of Splenocytes In the spleen of untreated animals, Grp78 was constitutively but moderately expressed in the macrophages of MZ as well as in some WP lymphocytes and macrophages (Fig. 3a) . Occasionally, some RP macrophages also showed immunostaining. On the contrary, Pbtreated spleen showed the strong Grp78 reactivity, particularly inside MZ macrophages. However, both WP macrophages and lymphocytes and macrophages of RP were also moderately stained (Fig. 3b) . Furthermore, the megakaryocytes showed intense cytoplasmic immunostaining. (Fig. 3b  insert) . The IOD value of Grp78 staining is resumed in Fig. 3c .
The spleen of untreated animals showed diffuse superoxide dismutase 1 (SOD1) expression mainly inside the RP cells (Fig. 4a) . The macrophages of MZ and outer and inner PALS did not show any staining or occasionally faint to moderate staining. Pb administration greatly increases SOD1 expression in RP, MZ and less so in WP. In particular, the MZ and many cells of the inner PALS were intensely stained (Fig. 4b) . The IOD value of anti-SOD1 staining is resumed in Fig. 4c . Apoptotic fluxes were analysed by cleaved caspase-3 immunostaining. Pb exposure strongly increased immune reactivity inside the cytoplasm and nuclei of splenocytes in RP and WP. Commonly, the MZ cells and outer PALS were more intensely stained than RP and inner PALS cells. We also observed immune Fig. 5a . Finally, autophagy was analysed by p62/SQSTM1 immunostaining. All spleen compartments from Pb-treated animal increased p62 immunoreaction. Frequently RP, MZ and germinative center of inner PALS showed a more intense reaction. In contrast, there was no p62/ SQSTM1 immunostaining in control mice. The IOD value of p62/SQSTM1 staining is resumed in Fig. 5b .
Discussion
Here, we have reported that young male mice, with orally ingested sub-chronic doses of Pb (200 ppm) in drinking water for 6 weeks, developed haematic changes such as neutropenia, eosinophilopenia and increased inflammation markers. Interestingly, the spleen displayed a disorganized architecture, iron deposition, strong ER stress and compromised antioxidant and cell survival markers. The BLL value of 30 μg/dL, which we used to classify Pb exposure, is the current biological exposure index (BEI) of the American Conference of Governmental Industrial Hygienists (ACGIH) [29] and is also recommended as the biological limit value (BLV) by the European Union Scientific Committee on Occupational Exposure Limits (SCOEL) [30] . Centers of Diease Control and Prevention (CDC-USA) considers children to have a high level of lead whenever the amount of lead in the blood is at least 10 μg/dL (http://www.cdc. gov/nceh/lead/). Many states or local programs will intervene for individual children with BLL equal to or greater than 10 μg/dL. Medical evaluation and environmental investigation and remediation should be carried out for all children with blood lead levels equal to or greater than 20 μg/dL [6] . The BLL adopted in our work (21.6 μg/dL) was lower than BLV. However, after only a short time acting early on the spleen, Pb favoured ER stress, apoptosis, autophagy, the Fe 2+ and Fe 3+ turnover and immune changes as well. We believe that this may explain or favour the auto-immune diseases frequently observed throughout the population, especially in children and the elderly exposed to Pb. The adverse haematological effects of Pb are mainly a result of its perturbation of the haeme biosynthesis pathway. It is known that Pb reduces the lifespan of circulating erythrocytes by increasing the fragility of their cell membranes. The combined effect of these two processes leads to anaemia [8] . However, our haematological data did not show any alterations in haemoglobin concentrations or RBC counts.
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Furthermore, our data also disagree with those of Ray and Sarkar [7] , who reported abnormal haemoglobin levels and erythrocyte counts after i.p. Pb-nitrate administration (8 mg/ kg) in mice. Perhaps the different routes of Pb administration, the different treatment times and the susceptibility of animals could explain these differences. Unfortunately, we were unable to measure ALAD, an enzyme occurring early in the heme synthesis pathway. ALAD activity is negatively correlated with Pb blood concentration between 5 and 95 μg/dL [6] . However, although inhibition of ALAD occurs at low Pb exposure levels (10-20 μg/dL), there is some controversy as to the toxicological significance of a depression in ALAD activity without any detectable effect on haemoglobin levels [6] . Indeed, anaemia occurred only when BBL is significantly elevated for prolonged periods [31] . Haeme biosynthesis does not decrease until ALAD activity The Pb-treated spleen shows the strong and diffuse staining in all spleen compartment. c IOD value of immunostaining according to groups and zones of parenchyma. WP white pulp, RP red pulp, MZ marginal zone. **p < 0.000. Scale bar 50 μm is inhibited by 80-90%, which only occurs at a much higher blood Pb concentration of about 55 μg/dL [32] . In light of data from the literature, we speculate that the BLL measured in our experiments did not significantly inhibit ALAD, which could explain the normal values of haemoglobin and RBC concentrations.
Altered RBC counts and eryptosis are common in occupationally Pb-exposed workers [33] [34] [35] . Intriguingly, due to its adverse effects on RBCs, Pb exposure has recently been considered a pathogenetic factor for chronic cardiovascular and renal diseases [36, 37] .
The effect of Pb, at blood low doses (from 5 μg/dL) but environmentally relevant, deregulated immune response and macrophage defence against bacterial agents by reducing tolllike receptor affinity [38] . Furthermore, Pb affects cytokine production in a dose-dependent manner according to hormesis [39] . By using microarray analysis, La Breche et al. [40] sustained that low Pb dose transiently stimulated IFNγ. Our haematic data showed a strong reduction of neutophils and eosinophils, consequent to Pb administration and abnormal N/L ratio. These data agree with alterations in the haemogram in rodent Meriones libycus as indicator of contamination [41] . In addition, human workers with low BLL have a primary impairment of the neutrophil chemotactic and phagocytic activities [42, 43] . According to Adham et al. [41] , the decrease in N/L ratio in Pb-treated mouse mostly refers to increased stress and decreased immune response of various insults [44] .
Another interesting result of our work was the strong increases of haptoglobin (Hp), a typical marker of inflammation in Pb-treated animals. Hp is a protein that in humans is encoded by the Hp gene [45] . Hp is a haemoglobin-binding protein with immunomodulatory properties and is mainly produced by hepatocytes and to a lesser extent by cells in other tissues such as lung, skin and kidney, under inflammatory conditions. Its synthesis is induced by IL-6, IL-1β and TNF. In blood plasma, Hp binds free haemoglobin released from erythrocytes with high affinity and thereby inhibits its oxidative activity. The Hp-haemoglobin complex will then be removed by the reticuloendothelial system, mostly in the spleen [46] . Hp has also been shown to modulate several aspects of the innate and adaptive immune response and to have antiinflammatory properties [47, 48] . We therefore suggest that the Pb-induced increase of Hp serum levels could reflect the state of the body's global inflammation, as well as the body's ability or inability, to activate defence mechanisms against oxidative stress.
In regard to splenic changes, we found that Pb concentration increased four times in exposed vs control mice, and an evident splenomegaly occurred as a reaction to Pb, without any evident body weight change. These data partially agree with previous observations in other rodents such as Wistar rats i.p. injected with the same our dose of Pb-acetate for 4 weeks [25] and Algerian mice (Mus spretus) drinking 0.1% Pbacetate for 45 days [49] . However, why we did not observe any body mass decrease was probably due to the Pb route of intake and different animal species.
Considering Pb-induced blood changes, we analysed splenic iron alterations by various histochemical techniques that are able to indicate both ferrous, Fe(II), and ferric, Fe(III), deposits. Splenic resident macrophages are specific targets of non-haeme iron and are enhanced by selected histochemical staining according to [50] . Our findings demonstrated that macrophages were recruited in order to remove RBCs and iron ions. However, we visualized but did not predict whether macrophages in the MZ or RP, and near congested vessels, lost their function or not or whether prolonged iron deposits could be a stimulus for cellular oxidant reactions.
It is known that Pb causes oxidative stress by generating ROS in different organs [51] [52] [53] [54] [55] . Sub-chronic low Pb exposure produces nephrotoxicity in vivo and in vitro [36] , as well as infertility [56] in rodents. To protect against free radical damage, cells activate anti-oxidant enzymes such as SOD1 (Cu/Zn superoxide dismutase). Pb intoxication increases SOD1 expression and activity in various parts of the brain [57, 58] . Furthermore, it has also been shown that erythrocytes of Pb-exposed workers have elevated SOD activity compared to non-exposed workers [59] . Here, we demonstrated that Pb strongly induced SOD1 in RP of mouse spleen. This finding may be explained as erythrocytes bound Pb then crossed the spleen to be destroyed, so resident RP cell population overexpressed SOD1 to protect themselves against Pb-induced oxidative stress.
Another interesting finding was the strong Grp78 immunostaining was found particularly in MZ macrophages and RP megakaryocytes of the spleen. We speculate that the intense Grp78 signal seen in MZ macrophages may be due to direct ER response or by excess iron/erythrocyte uptake in these cells. Indeed, MZ at the boundary, between WP and RP sinuses, acts as a filter against infective antigens from blood circulation and MZ resident B lymphocytes and macrophages are stimulated here to quickly produce immunoglobulins.
Grp78 (BiP) is a crucial marker of environmental exposure to heavy metals and should be considered an indicator of ER dysregulation in various cell types [15, 19, 60] When unfolded proteins accumulate in the ER, BiP is released from these complexes to assist with the folding of accumulated proteins [61] and sustained Grp78 could act as an inhibitor of macrophage adhesion [62] . Recently, Grp78 has been found to be directly involved in proper antigen binding to specific receptors in MZ macrophages [63] associated with Fe dysregulation and inflammation [64] . Moreover, Kasten-Jolly and Lawrence [24] reported that Pb both activated macrophages sub-types and decreased inflammatory responses to pathogens in mice [24] . If MZ does not work properly, inflammatory responses and auto-immune disorders may occur [65, 66] . Finally, abnormal pro-inflammatory cytokines have been documented in Pb occupationally exposed workers [67] .
Interestingly, we also observed the intense Grp78 immunoreaction in megakaryocytes in the RP of Pb-treated group. These cells have been described in mouse spleen as a reaction to inhaled vanadium [68] . Furthermore, both altered platelet counts and distribution were assessed in workers in a Pb-acid battery plant [69] . As a result, here we measured a progressive decreases of platelet number after Pb exposure, to assess cell impairment with significant decrease of platelet production as also demonstrated by the increase of cleaved caspase-3.
It has been reported that Pb influenced cytochrome c release and affected Bcl-2/Bax ratio in the brain [70] and liver [71] , causing cleaved caspase-3-dependent apoptosis. In agreement with these studies, we localized splenic proapoptotic markers in RP and WP induced by Pb exposure. Interestingly, a peculiar link between ER stress and abnormal apoptosis was reported in auto-immune disorders and in patients of systemic lupus erythematosus [72] . In light of these data, increase of ER stress and pro-apoptotic cleaved caspase-3 markers in WP, after Pb treatment, could reflect an impairment of immune functions.
Intriguingly, here we first describe both cleaved caspase-3 expression and contemporary increased p62/SQSTM1 autophagy marker. The p62 protein (also called sequestosome 1), is an ubiquitin-binding scaffold protein that colocalizes with ubiquitinated protein aggregates in many neurodegenerative diseases and proteinopathies. However, in the field of autophagy, it may link ubiquitinated proteins to the autophagic machinery to enable their degradation in the lysosome. It is assumed that since p62 accumulates when autophagy is inhibited, reduced levels can be observed when autophagy is active and increased when autophagic flux is altered [73, 74] . So, an intense p62 signal that was observed in Pbtreated spleen could reflect the autophagy impairment in resident RP and WP cells.
Overall, these histopathological alterations corroborated the adverse role of Pb on the immune cells in the spleen. Indeed, adverse effects on the immune system can be detected even at frequently occurring BBL (<50 g/dL) and BLL [ 75] . Novel findings of Grp78 over-expression in specific splenic cells, together with dysfunctional autophagy and apoptosis markers, may provide new information on cell reactions under Pb exposure. Pathogenetic events which occurred under Pb exposure in mouse spleen are resumed in Fig. 6 .
Limitation of the Study A possible limitation of this study is the exclusive application of IHC to support our results. This choice was dictated by the fact that the spleen contains a very heterogeneous cell population (macrophages, lymphocytes, megakaryocytes, etc.) and was divided into well-defined morphologically recognizable areas (WP, PALS, RP, MZ). Consequently, histopathological changes and especially the exact visualization of markers are possible with IHC and HC. In contrast, molecular analysis, although much more sensitive in highlighting and quantifying proteins and very often used exclusively, does require immediate freezing and homogenization of the sample. As a consequence, it does not take into account the specificities of protein location, tissue morphology and organization. This is a major limitation in the exclusive use of molecular analysis, which we believe is comparable if not superior to IHC. For all these reasons, we pointed to HC and IHC and believed that our data are interesting. Further studies are necessary to best understand early pathways involved in Pb poisoning in the spleen and the translation of results obtained in a mouse model to human toxicology.
